Objective: To evaluate, on a retrospective basis, the anatomic characteristics of the arterial supply to the sinoatrial node (SAN) in the Korean population using an ECG-gated multi-detector CT (MDCT).
INTRODUCTION
Since the sinoatrial node (SAN) acts as a pace maker, ischemia of SAN due to iatrogenic occlusion or injury of SAN artery during surgery, coronary stent insertion or balloon inflation can cause arrhythmia such as atrial flutter or sick sinus syndrome (1, 2) . Thus, the origin, course, and the number of SAN arteries are crucial information for the cardiologist and heart surgeon during surgery and catheter-related procedures. As the heart is one of the organs in which vascular variations are frequently observed (3) (4) (5) , variable variations of SAN arteries have been reported in previous studies performed by anatomical dissection or catheter angiography (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) . Recently, multidetector row computed tomography (MDCT) has been used for evaluating anatomical variance of arteries (19, 20) . Likewise, advances in electrocardiographic (ECG)-gated cardiac MDCT provides adequate temporal and spatial resolution for characterization of the smaller branches of epicardial coronary arteries. Several studies have evaluated SAN arterial variations using MDCT (21) (22) (23) (24) . However, the extent of the variations differs in frequency between studies. Ethnic differences between the study groups were suggested as a cause of these differences (8, 15-17, 23, 24) . Thus, results of previous studies performed in specific ethnic groups may not be simply applied to another ethnic population. Correspondingly, types or frequencies of SAN arterial variations in the Korean population may be somewhat different from previously reported results.
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Currently and to the best of our knowledge, there has been no systemic evaluation of the origin, course, and the number of the SAN artery in Korean population. Thus, the purpose of our study was to evaluate the anatomic characteristics of the arterial supply to the SAN in the Korean population using ECG-gated MDCT on a retrospective basis.
MATERIALS AND METHODS

Patient Population
Between June 2010 to September 2010, 643 patients, either self-referred because of a personal health concern or referred by a physician because of suspected coronary artery disease (CAD), underwent ECG-gated MDCT. Among them, we excluded 143 patients who turned out to have CAD because CAD can develop epicardial collateral vessels which may mislead the analysis of coronary variation (25, 26) . After exclusion, 500 patients (258 men and 242 women; age range, 17-83 years; mean age, 58.62 ± 12.04 years) constituted our study population. There was no case with severe motion artifact leading to difficulty in evaluation of the coronary arterial path. The study protocol was confirmed and approved by the Institutional Review Board of Seoul National University Hospital, and informed consent was waived.
MDCT Protocol
All CT examinations were performed using a dual source CT scanner (Somatom Definition; Siemens Medical Solutions, Forchheim, Germany). Unless contraindicated, 100 mg of metoprolol (Betaloc; AstraZeneca, Yuhan, Seoul, Korea) was orally administered 1 hour prior to the examination to patients with a pre-scanning heart rate of at least 65 beats per minute. After establishing antecubital IV access in all patients, 80 mL of contrast media (Ultravist 370; Shering, Berlin, Germany) were injected, followed by 50 mL of an 8 : 2 mixture of normal saline and contrast medium at a flow rate of 4 mL/s with the use of a dual power injector (Stellant; Medrad, Indianola, PA, USA). The bolus triggering method was used to determine the beginning of CT acquisition by monitoring the signal density of the contrast medium in the mid-ascending aorta. The CT scan was started 8 seconds after a threshold trigger of 150 HU above baseline was reached.
Data acquisition was performed in the caudocranial direction with a detector collimation of 32 x 0.6 mm, a section collimation of 64 x 0.6 mm with a z-flying focal spot, a gantry rotation time of 330 ms and a tube voltage of 100 kVp. The pitch was automatically adapted to the heart rate: 0.20 (40 bpm), 0.26 (60 bpm), 0.32 (70 bpm), 0.37 (80 bpm), 0.43 (90 bpm) and 0.50 (100 bpm). Data sets were reconstructed with retrospective ECG-gating with a 0.6-0.8 mm slice thickness and 0.6-0.8 mm increments using a B26 soft-tissue reconstruction kernel. CT images are reconstructed at the best diastolic or systolic phase to evaluate the coronary arteries. Volume computed tomography does index provided by the CT machines varied from 23.46 to 55.18 mGy.
MDCT Imaging Analysis
One experienced observer reviewed the CT images. All CT datasets were transferred to a workstation installed with three-dimensional reconstruction software (Rapidia; Infinity, Seoul, Korea). Depending on the individual SAN arterial anatomy and image quality, different visualization techniques, such as multiplanar reformation, maximum intensity projection, and volume-rendering were used.
The SAN artery types were determined by using a classification system similar to the system used by Ortale et al. (17) . According to this classification, each SAN artery was classified into one of following types: right or left (R or L), according to respective origin from the right coronary artery (RCA) or left circumflex (LCX); subtypes R1 or R2, according to its respective course medial to the right auricle or on the posterior surface of the right atrium (Fig. 1) ; or L1, L2 or L3, according to its respective course, medial, or posterior to the left auricle or, on the posterior surface of the left atrium (Fig. 2) . Then, each type was subdivided according to the course of the terminal segment around the SVC being precaval, retrocaval, or pericaval (Fig.  3) . We modified this classification by adding one more type as a SAN artery originating from middle segment of right coronary artery running medial to the right auricle (R1m) (Fig. 4) . We also recorded the communication between the SAN artery and bronchial artery.
Statistical Analysis
All statistical analyses were performed by Pearson's chiSquare test using the statistical software package (SPSS 18.0 for Windows, SPSS Inc, Chicago, IL, USA). A p value of less than 0.05 was considered to be statistically significant.
RESULTS
The SAN artery was visualized in 496 of 500 cases. The SAN was supplied by a single artery in 478 (96.4%) cases and by 2 arteries in 18 (3.6%) cases. A single SAN artery arose from the RCA in 265 (53.4%) cases and from the LCX artery in 213 (43.0%) cases. The SAN was supplied by 2 branches, each arising from RCA and LCX in 18 (3.6%) cases. Communication between RCA originating SAN artery and bronchial artery was observed in 3 (0.6%) cases. These 3 SAN arteries from the RCA were all classified as the R1 subtype.
When all SAN arteries were evaluated individually, the total number of SAN arteries was 514 ( Table 1) . The termination types in the 514 SAN arteries were precaval in 105 (20.4%), retrocaval in 246 (47.9%) and pericaval in 163 (31.7%). There was no statistically significant relationship between the origin of the SAN artery and the course of the terminal segment (p = 0.31). The retrocaval type was the most frequent in all SAN artery subtypes.
The single R1 retrocaval type, which was observed in 132 (26.6%) of 496 patients, was the most frequent type. In addition, the single R1 retrocaval type was observed most frequently when the patients were grouped by gender.
The S-shaped SAN artery which is considered to be a variant of the SAN artery arising from LCX was found in 10 cases (2.0% of all patients and 4.3% of all individual SAN arteries arising from the LCX artery) (Fig. 5) . The S-shaped SAN artery was a single SAN artery in eight cases and a component of dual SAN arteries in two cases.
DISCUSSION
Various frequencies of the origin of the SAN artery were reported in several related articles (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (21) (22) (23) (24) . Most of these studies (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (21) (22) (23) reported that the SAN artery predominantly originates from the RCA (50-85%), followed by the LCX (10-45%) and tour results agree with these reports. Only one study (24) reported that the SAN artery predominantly originates from the LCX (49.1%), followed by the RCA (48.1%). Although the SAN artery arising from the trunk of the left coronary artery or right sinus valsalva was reported in several studies (6, 11, 13, 23), we have not encountered a SAN artery arising from them. The SAN artery arising from the bronchial artery was reported in 1.2% and 2.0% of cases in 2 separate studies (17, 23) . Communication between the bronchial artery and SAN artery from the right coronary artery was encountered in 3 of 496 cases (0.6%) in our study. However, MDCT could not evaluate the direction of blood flow in these communications. Furthermore, bronchial to coronary artery fistula or communication can cause myocardial ischemia induced by a coronary steal phenomenon (27, 28) . Thus, we could not determine whether these bronchial arteries (12, 17, (21) (22) (23) and less frequent than those obtained by other authors (7, (14) (15) (16) 24) . For the component of dual SAN artery, our results compare well with previous reports (7, 10, 12, (14) (15) (16) (17) (21) (22) (23) , in that the dual SAN artery mostly originates from the RCA and the LCX. We found that only dual SAN arteries consist of separate branches from the RCA and LCX in 18 out of 496 cases. Triple SAN, which was reported as 2.0% and 3.8% in 2 separate studies (16, 17) , was not identified in any of our cases.
In several studies (12, (21) (22) (23) (24) , the course of the terminal segment of SAN artery around SVC was classified as precaval, retrocaval, or pericaval. Among the 3 types of termination, the retrocaval and pericaval type can be surgically injured during superior trans-septal incisions (21, (29) (30) (31) . Most of the previous studies reported that the retrocaval type is the most frequent (47.5-64.7%), followed by the precavaltype (25.2-42.6%) or the pericaval-type (5.9-40%). Only one study (12) reported that the precaval type is the most frequent type (58%) of termination. Similar to most of former studies, we have found mostly retrocaval-type When all arteries are evaluated individually except for the R1m subtype (Table 1) , the most frequent subtype in our study was R1 (54.5%), followed by L1 (33.3%). Two previous studies using same classification also found that R1 is the most frequent subtype (46-54.4%), followed by L1 (21.5-24%). They also found rare SAN arteries which run on the posterior surface of the right (R2 subtype, 1.2-4%) or left atrium (L3 subtype, 0.4-4%). However, we have not encountered any case of R2 or L3 type. Rarity of these subtypes may explain our observation.
The R1m subtype is part of the R1 subtype by definition used in Ortale et al. (17) and Ozturk et al. (23) . Ortale et al. (17) reported that the longest distance between the RCA ostium and the origin of the SAN artery from the RCA was 48.6 mm. Ozturk et al. (23) reported the longest distance between the RCA ostium and origin of the SAN artery from the RCA to be 62 mm. The R1m subtype might be included in these studies. As such, R1m may not be a MDCT Anatomy of Sinoatrial Nodal Branch in Korean Population unique subtype of the Korean population. However, these reports did not mention whether the longest distance was associated with the R1 or R2 subtype. Further study with exact measurements of distance between the RCA ostium and origin of the SAN artery in each subtype is warranted. The S-shaped SAN artery is a well-known anatomical variation of the SAN artery arising from the proximal LCX. The S-shape SAN artery arises from the posterolateral part of the LCX below, or behind the left auricle, and runs posteriorly between the left atrial appendage and the ostium of the left superior pulmonary vein, and then anteriorly close to the anterior wall of the left atrium (22) . Because the S-shape SAN artery runs close to the left atrial wall, a lack of awareness about this variation can cause vessel injury during a surgical intervention or during a catheter-based ablation of the left atrium. In previous studies, the frequency of the S-shaped SAN artery is reported to be between 5.9% and 20.3% (17, (21) (22) (23) (24) 32) . We (1.9% of all cases) encountered the S-shaped SAN artery less frequently than previous studies had encountered this anatomic variation.
In conclusion, types and frequencies of variations in the SAN artery in the Korean population are largely similar to previous studies, although there are some differences. This study can provide basic data on variations of the SAN artery in the Korean population.
